adolescence is influenced by common genetic factors. The article is intended as a review of twin and adoption studies of adolescent substance use and dependence for clinicians familiar with developmental psychopathology, but not the particulars of twin or adoption studies. It does not cover family studies of substance abuse, as these do not disentangle genetic and environmental influences. Other conditions that have been reported to be associated with substance use, such as mood and anxiety disorders, have also been excluded. Molecular studies of substance abuse are also beyond the scope of this review.
Brief Introduction to Twin and Adoption Studies
Twin and adoption studies partition individual variation into environmental and genetic components. Three terms are commonly used: heritability, shared environment, and nonshared environment. Heritability is an estimate of the genetic contribution to individual differences within a population. It is inferred by comparing identical twin correlations with fraternal twin correlations. If identical twins are more alike than fraternal twins, then a genetic influence is inferred. Similarly, shared environment is an inferred influence of the environment based upon how similar nonbiological siblings are. This is either estimated directly by comparing adoptive with biological siblings, or by inferring the influence from twin pairs (see Fig. 1 ). Examples of shared environment could include peers, neighborhood, or family influences that are experienced similarly. Nonshared environment refers to environmental influences that cause even identical twins to be dissimilar. Nonshared environmental influences incorporate different experiences that identical twins have, for example having different teachers, or experiences that are shared by the twins, but experienced differently, and measurement error. For example, twins might be reared by a parent who smokes marijuana. One might react by trying marijuana, the other by rejecting any marijuana use. The environment (parental marijuana use) would be shared, but the inferred influence of the environment on the measured trait (child marijuana use) nonshared. Environmental influences could also be biological (such as traumatic injuries, exposure to toxic substances, or infectious processes).
To illustrate this graphically, Figure 1 , panel A, presents an idealized case of a trait that is completely heritable. On the horizontal axis, the degree of genetic relatedness is drawn from 0 to 1. On the vertical axis is the correlation of the trait among pairs of adolescents raised together. This hypothetical group includes adoptive siblings, fraternal twins, and identical twins. Identical twins share the same set of genes from their parents (referred to as identity by descent) and therefore are at the right end of the horizontal axis. Sharing all of their genes for this hypothetical, genetically determined trait, identical twins correlate at 1.0. Fraternal twins, on average, share half of their genes and are at the middle of the horizontal axis. In the idealized case of a completely heritable trait, their correlation would be 0.5. Extending the line back to the expected correlation for unrelated (adoptive) siblings leads to an intercept of zero, and all of the variance would be explained by heritability. Figure 1 , panel B, shows a similar situation; however, the identical twins are correlated at 0.7 and the fraternal twins correlated at 0.35. Now, 70% of the variance is explained by heritability and 30% by nonshared environment. The reduced correlation between identical twins implies nongenetic, environmental influences acting differently on different members of the twin pair. In Figure 1 , panel C, the identical twins correlate at 0.7 and the fraternal twins at 0.5 and the inferred correlation of unrelated siblings would be 0.3. In this case, shared environment explains 30% of the variance and nonshared 30%, with heritability estimated at 40%.
Important assumptions of these methods are that the rearing environments for identical and nonidentical twins (or biological and adoptive siblings) are shared to a similar extent and that their parents are not engaged in assortative mating. Assortative mating refers to persons who are similar on a trait (say drinking) being more likely to be in a relationship and have children. Since assortative mating, however, occurs for both substance use disorders and antisocial behaviors (reviewed by Vanyukov et al., 1996) , this may cause twin studies to underestimate genetic influences, and adoption studies to overestimate them, although the exact consequences will depend on the nature of the assortment, as well as the design and analysis (Neale and Cardon, 1992) . The basic model assumes that genetic and environmental effects can be treated as additive and it does not address interactions and correlations between genetic and environmental influences. Genetic dominance would reduce the dizygotic correlation below its additive genetic expectation. None of the studies we reviewed found evidence for this, and so we do not further discuss these effects here. For clinicians interested in more detail about these methods, Plomin et al. (2001) is a good introductory textbook.
METHOD
Medline was searched in August 2002 with the following keywords: (1) (connected by OR) : substance, substance use, substance use disorder, substance dependence, alcohol, tobacco, nicotine, marijuana, alcoholism, conduct disorder, crime, delinquency, disruptive behavior disorder, problem behavior, antisocial; (AND) (2) (connected by OR) twin(s), adoptees(s), adoptive, genetics. Articles listed were examined for inclusion for further review if the title contained words suggesting that it was a twin or adoption study that examined adolescent substance use, substance use disorders, or the comorbidity between substance use and antisocial behavior. One hundred seventy-six articles were identified as being possibly relevant and abstracts were reviewed to determine whether the study examined child and adolescent samples or used adult samples providing retrospective reports about adolescent behaviors. Based on the abstract review, 26 articles were then selected for inclusion in the review.
RESULTS
Nineteen twin or adoption studies examined substance use in adolescent samples. There is evidence for genetic influences on adolescent substance use. However, the magnitude of influences is modest, and it is moderated by measures of use, specific contexts, gender, specific substances, age, and socioregional influences. An example of the influence of the measure of use on genetic influences is that for alcohol: any use ever appears to have a small genetic influence (Han et al., 1999; Koopmans et al., 1999a; Legrand et al., 1999; Rose et al., 1999 Rose et al., , 2001b Viken et al., 1999) , but frequency of use ) has a stronger genetic influence. Tobacco use was divided into two separate dimensions by Koopmans et al. (1999a) , who showed that the initiation into smoking represented a separate dimension of risk compared with the quantity smoked. Initiation was moderately heritable (39%), the quantity smoked substantial (86%). An important finding, which also demonstrates gene-environment interactions, is that specific contexts influence heritability estimates, so that drinking with parental permission was not heritable, but alcohol use without parental permission was 72% heritable (Maes et al., 1999) . Koopmans et al. (1999b) reported that in religious females, genetic factors explained 0% of the variance of initiation into drinking, but in nonreligious females, they explained 40% of the variance. These results suggest that genetic influences play a role only when environments allow for their expression. Gender Note: h 2 = heritability; c 2 = shared environment.
differences in heritabilities of drinking or substance use behaviors were reported by Han et al. (1999) , Heath and Martin (1988) , Hopper et al. (1992) , McGue et al. (2001) , and Sigvardsson et al. (1996) . The specific substance also influences the heritability estimates. Whereas most adolescent studies report a relatively low genetic influence on alcohol use, genetic influences on various measures of tobacco use range from moderate to substantial. Han et al. (1999) , Maes et al. (1999), and McGue et al. (2000) all reported heritabilities of tobacco use ranging between 36% and 60%. Nicotine dependence was reported as 44% heritable by McGue et al. (2000) . One study (Miles et al., 2001) reported that marijuana use was moderately heritable. Three studies of illicit drug use or abuse reported small to moderate heritabilities (Han et al., 1999; Maes et al., 1999; McGue et al., 2000) . Most studies that have examined age report an increase in heritability estimates for older adolescents compared with younger adolescents. Thus heritability estimates for alcohol use have been reported as higher in samples of older adolescents compared with younger adolescents (Koopmans and Boomsma, 1996; Rose et al., 2001b; Viken et al., 1999) and Koopmans et al. (1997) showed that for younger adolescents, heritability and common genetic influences on smoking and drinking were small, but increased substantially for older adolescents, for whom a strong common genetic influence affected alcohol and tobacco use. Finally, socioregional factors, i.e., whether one lives in an urban or rural setting, influence estimates. Thus Rose et al. (1999) and Rose et al. (2001b) reported a greater genetic influence for youth living in urban areas. There is modest, but contradictory, evidence for a common genetic influence on antisocial and substance-using behaviors. The bulk of evidence for clinical syndromes, such as abuse or dependence, stems from studies of adults asked retrospectively about adolescent behaviors. Thus Slutske et al. (1998) reported a common genetic influence on alcohol dependence and conduct disorder in a retrospective study of adults. True et al. (1999) examined data from the Vietnam Era Twin Registry to explore the degree to which the same genetic and environmental factors contributed to conduct disorder and to alcohol and marijuana dependence. Genetic factors explained 45% of the variance in risk for alcohol dependence and 37% for marijuana dependence, but these factors had no relationship to conduct disorder. One possible reason for (2000) followed substance experimentation, ADHD, and novelty-seeking. longitudinally Note: ADHD = attention-deficit hyperactivity disorder. these discrepancies is that the True et al. (1999) was a maleonly sample, recruited from Vietnam Era veterans, whereas the Slutske et al. (1998) sample consisted of generalpopulation Australian twins. Grove et al. (1990) reported on adult identical twins who were reared apart. There was a high common genetic influence for childhood antisocial and drug use symptoms and moderate common genetic influence for childhood antisocial and alcohol symptoms. Studies of adoptees (Cadoret et al., 1995) have demonstrated that the biological parents' substance use disorder confers a direct genetic risk to their offspring for substance use disorders and that biological parents' antisocial behavior confers a genetic risk to the offspring for developing antisocial behavior, which in turn increases the risk for developing substance use disorders. Also, a classic division of alcoholism has been that of type I and type II. Type II typically has an adolescent onset and is more severe, more heritable, male, and associated with antisocial behavior (Cloninger et al., 1981; Sigvardsson et al., 1996) .
More recently, evidence from longitudinal adolescent twin studies has also led to an emerging view that substance use and disruptive behaviors are linked by a common genetic risk. Three studies of adolescent twins, from longitudinal studies, have reported traits labeled "behavioral disinhibition" and have linked this to adolescent substance use. Thus Young et al. (2000) reported on an aggregate measure of conduct disorder, oppositional defiant disorder, attention-deficit hyperactivity disorder, novelty-seeking, impulsivity, and substance experimentation which was 84% heritable and accounted for 16% to 42% of the variance of conduct disorder, attention-deficit hyperactivity disorder, substance experimentation, and novelty-seeking. The Minnesota Twin and Family Study, a longitudinal adolescent twin study , reported that the genetic risk underlying antisocial behavior was partially mediated through a genetic influence on an inability to inhibit behavioral impulses. This, in turn, influenced substance use. Another finding reported by McGue et al. (2001) also showed that if the parents of the twins had their first drink before the age of 15, their sons had a greater risk of exhibiting behavioral disinhibition, which in turn increased the risk for early alcohol use, which was moderately heritable in boys. One other study by Miles et al. (2001) , which examined adolescent twins, showed that adolescent marijuana use was modestly heritable and that a number of measures of risk-taking showed some genetic influence, but this had little overlap with genetic influences on marijuana use. In summary, three adolescent studies suggest that the relationship between adolescent antisocial behavior and substance use is, in part, due to a common genetic influence which may act through a genetic influence on disinhibited/antisocial behavior which in turn increases the risk for substance use and dependence. Differences in measures, samples, and results, however, make this only a tentative conclusion.
Evidence for Shared Environmental Influences on Adolescent Substance Use
There is strong evidence for shared environmental influences on adolescent substance use. Almost all studies of adolescents have found shared environmental effects. Similar to genetic influences, moderating factors appear to be measure of use, specific substances, age, religiousness, gender, and socioregional factors. The question about which shared environmental influences act on adolescent substance-using behaviors has been addressed in a few studies. Parental smoking or drinking appears to have a minimal influence on the shared environment. Thus McGue et al. (1996) reported that alcohol use in adopted adolescents was affected only minimally by the parent's problem drinking. Koopmans and Boomsma (1996) reported that among 15-to 16-year-olds, shared environment explained 88% of the variance of adolescent drinking. Of this, 9% was explained by parental alcohol use and 79% by other shared environmental factors not shared with the parents. For adolescents 17 and older, there was no influence of parental drinking. Similar results hold for tobacco, as Boomsma et al. (1994) demonstrated that parental smoking did not account for shared environmental influences on smoking in Dutch adolescents. Another study of parental influences on shared environment did, however, show that parental monitoring and ratings of the home environment (on such measures of how warm and caring it was) did predict abstinence from alcohol by age 14 in a longitudinal sample of Finnish adolescents (Rose et al., 2001b) . In contrast to the reported effects of parental drinking, sibling drinking behaviors appears to influence the adolescent shared environment. Thus McGue et al. (1996) reported that, in contrast to parental effects, sibling drinking had a substantial influence on their adoptive sibling's drinking. Rose et al. (2001b) reported that sibling interactions with their cotwin influenced initiation into alcohol use.
The initiation into tobacco and alcohol use is influenced by common shared environmental influences for younger adolescents. Thus Koopmans et al. (1997) examined both smoking and alcohol use in Dutch twins aged between 12 and 25 years. In the younger age group, shared environmental influences were stronger and were common to both tobacco and alcohol use. For the older age group, genetic influences were more substantial, and common genetic influences affected both smoking and drinking.
In summary, shared environment has a substantial influence on adolescent alcohol use, smoking, and illicit drug use. Common shared environmental influences appear to act on tobacco and alcohol use for younger adolescents, but they are weaker when the adolescents are older. Parental influences on the shared environment appear to act through parental monitoring and the quality of the home environment, not parental drinking or smoking, although this has been tested only for use, not for abuse or dependence. In contrast, sibling interactions, at least for adolescent alcohol use, appear substantial. Very little can be concluded about genetic or environmental influences on adolescent clinical syndromes of abuse or dependence due to the small number of studies.
DISCUSSION
We found evidence for genetic influence on substance use (strongest for tobacco use), use of tobacco and alcohol together, and the co-occurrence of disinhibited and substance-using behaviors. The magnitude of genetic influences is moderated by religiousness (more religious, less genetic influence), age (older youths having greater genetic influence), substance (stronger for tobacco, weaker for alcohol), region (greater genetic influence in urban environments), gender (mainly, greater genetic influence in males), and measure of use (frequency of use being more genetically influenced than initiation of use). Since the proportion of environmental influence on a trait complements the proportion of genetic influences, the proportion of environmental influences is also affected by these factors. As discussed by previous authors (Turner et al., 1995) , since estimates of heritability and environmental influences are determined for a specific population at a specific time, one expects variation in the relative magnitudes of genetic and environmental influences and this underscores the view that genetic influences are dependent on specific environments for their expression. To illustrate this, take the example of disinhibited behavior, which may be genetically influenced Young et al., 2000) , contributing to the variation in substance use. If the environment allows a youth to be exposed to substances, a substantial genetic influence may be detected. In a stricter environment, however, such a genetic predisposition may have no influence on variation. Such processes may be involved in the finding by Koopmans et al. (1999b) , who showed that for Dutch female twins, those who were religiously raised had zero heritability; however, those not raised religiously had a 40% heritability for initiation into alcohol use. The study by Koopmans et al. (1999b) also demonstrates that genetic and environmental influences may be gender-specific. Other moderating influences, such as the finding of a weaker genetic influence on alcohol use in rural environments in Finland, may be due to differences in access to alcohol and exposure to models of drinking behavior or to differences in religiosity in rural versus urban areas, which in turn modulates shared religious beliefs about drinking behaviors (Rose et al., 2001b) . The finding of a number of authors of a stronger genetic influence as adolescents age could be due to the relative magnitude of family-wide effects lessening as adolescents age, with a relatively greater influence of genetically influenced personality traits. Finally, there is some evidence that youths who are at greater "genetic" risk may be particularly sensitive to the effects of an adverse rearing environment. Thus Legrand et al. (1999) showed that those boys who were classified as at "genetic" risk on the basis of their parents' drinking behaviors were particularly at risk for developing substance use if they associated with a "highrisk" environment of peers that encouraged drug use. In that case, they developed substance use at a greater rate than if they came from a "low genetic" risk background.
Limitations
Two major limitations of the reviewed twin and adoption studies should be noted. First, twin and adoption studies partition the variance within a population into heritable and environmental components. They do not address causes of changes in populations over time or causes of differences between populations. For example, during the 1990s, U.S. adolescents' lifetime use of any illicit drug has increased from 44% to 54% and the lifetime use of non-LSD hallucinogens (club drugs) has doubled (Johnston et al., 2001) . It is not possible to address the causes of these population-wide changes with twin or adoption studies. A second major limitation of the current twin and adoption research in adolescent substance use for a clinical audience is that the majority of available samples are population-based and do not report on clinically relevant characteristics, such as substance abuse or dependence. Similarly, the strong association between conduct disorder and substance abuse and dependence in adolescents has received attention from only a few genetically informative studies, many of which used retrospective studies using adult samples.
Clinical Implications
Inasmuch as the proportion of variation of genetic and environmental influences on a trait complement each other, it follows that increasing the strength of environmental influences will decrease the relative strength of the genetic influences. Thus clinicians should be aware that genetic influences on substance use, abuse, or dependence, or associated antisocial behavior, are modifiable, as demonstrated by the many contexts that modulate them. As specific genes influencing substance-related behaviors are found, it is likely that these specific genes will also be moderated by environmental contexts. In other words, genetic influences on behavior are sensitive to specific environments. The environmental influences on adolescent substance use are, in part, shared influences; this suggests that there are family-wide influences of the environment. One of these environmental effects is that one sibling's substance use increases the risk of using in other siblings. Another is that parental monitoring influences, at least, substance use. This suggests value in family-based treatment approaches.
When discussing "genetic influences" with patients in the context of substance use, clinicians could consider using the "multifactorial model" that is used in a genetic counseling context, when many factors (both genetic and environmental) are thought to be influencing adolescent substance-using behaviors. Furthermore, emphasizing that altering environmental influences can substantially reduce the risk of developing these behaviors as well as modify genetic influences may help families not to view "genetic" influences as being fixed.
Research Implications
Increasingly, behavioral genetic research is addressing more complex questions about the development of substance use and substance use disorders in adolescence than what the relative proportions of genetic and environmental influence are. As discussed by Heath et al. (2002) , the question of whether genetic influences on substance use and substance use disorders exist is being supplanted by questions of what the particular genetic influences are and how these are mediated. Given the substantial magnitude of environmental effects in adolescents, careful attention must be paid to measuring these and testing for correlations and interactions with specific genes.
